Energy deficiency is probably best measured in adults by the body mass index (BMI). Acute energy deficiency (AED) is associated with body weight loss, along with changes in body composition, as well as a reduced BMR and physical activity. Chronic energy deficiency (CED) is an inadequacy in food to which individuals adapt, at some cost. Individuals with this have never 'lost' weight: they have simply grown less. They adapt to the decreased food energy by reductions in their total energy expenditure (TEE), linked mainly to a lower body size, and to their physical activity. It seems unlikely that enhanced metabolic efficiency contributes substantially to energy saving in CED. Supplementation of energy deficient individuals is accompanied by significant fat deposition; this may have deleterious consequences.
Introduction
Energy deficiency can be acute or chronic. Acute energy deficiency (AED) is by nature episodic, and characterised by a state of negative energy balance, wherein the energy expenditure is greater than energy intake. Under these conditions, there is a progressive loss of body weight, along with changes in the pattern of energy expenditure, in an attempt by the body to come into a new, but lower plane of energy equilibrium. If the energy deficiency persists, further weight loss occurs along with deterioration in health ultimately leading to death. It is not merely the temporal effect of AED that determines the outcome; the intensity or magnitude of the energy deficit is also a factor. On the other hand, chronic energy deficiency (CED) is a 'steady state', due to inadequate food energy over a lifetime. Individuals with CED are, a priori, in energy balance, although their anthropometric parameters, as described later, may be less than desirable. By definition, these individuals have never 'lost' weight, but, having been exposed to a lower than normal energy intake during their lives, have attained an energy equilibrium with a lower body weight, a lower body energy store, and reduced physical activity. However, in spite of these drawbacks, these individuals continue to live relatively normal and economically productive lives; the terms normal and productive must be viewed in the proper perspective of this condition, as they do not refer to the optimal. There is good evidence to show that persons with CED are less productive, and that the CED state is associated with higher morbidity and mortality and these issues will be discussed later in this review. In addition, the steady state referred to above must be appreciated as a theoretical one, subject to periodic fluctuations of physiology and environment, such as the menstrual cycle 1 and seasons 2 . From the population health viewpoint, it is CED that is important to prevent and address.
While these two definitions of energy deficiency seem mutually exclusive, the two conditions of chronic and AED may co-exist in the form of episodic acute-on-chronic conditions. Further, there may be groups whose status (in terms of the definitions above) is difficult to define, such as in refugees, where a period of AED may result in a new equilibrium state of deficiency, albeit of a chronic nature. An analogous situation exists for children, where more chronic, marginal energy and nutrient deficiency leads to stunting, while acute energy and nutrient deficiency leads to wasting. However, in this review, the terms 'acute' and 'chronic' energy deficiency have not specifically been used with reference to children, because the historical terms relating to acute and chronic deficiency (relations between weight, height and age, as well as wasting or stunting) in children seemed adequate to describe the effects of energy deficiency, in the absence of data relating the effects of other indices, such as a low body mass index (BMI), on morbidity and mortality in this group. More importantly, marginal energy-nutrient deficiency in this group leads to deficits other than growth, such as in behavioural and cognitive outcomes.
Assessment of energy deficiency in adults
Body Mass Index While definitions of CED have been based on considerations of energy intake and expenditure, one simple way to measure it would be based on anthropometry 3 . The demonstration of a low height (i.e. stunting) is indicative of childhood energy undernutrition 4 but it does not reflect current nutritional status. The latter is best measured by a surrogate of body energy stores, or, the Body mass index (BMI) computed as the weight (kg)/height (m) 2 . This index shows a consistently high correlation with weight, and is relatively independent of the height 5 . The problem then, is one of defining cut-off points for CED. The usual standard that has been used is the BMI of male soldiers and healthy men and women (UK) with a value of two standard deviations below the mean, as the cut-off point. This gives a value of 18.5 kg m 22 , which is used for both men and women. It is important to realise that this is still an arbitrary cut-off; ideally, this cut-off value to determine CED should be based on epidemiological data showing the relationship between low BMI and the risk of morbidity of populations. Data is available showing a threefold higher risk of mortality in men with a BMI , 16.0 kg m 22 when compared with men with a BMI . 18.5 kg m 226 . In addition there is also a progressive reduction in the mean birth weight of babies born to mothers with low BMI 7 . Since a BMI of 18.5 and above is compatible with health in both men and women, a cut-off of 18.5 kg m 22 has been adopted for both sexes 8 . Three grades of CED are now defined, based on progressively diminishing BMI, such that BMI between 17.0 and 18.5 kg m 22 is considered Grade I CED, BMI between 16.0 and 16.9 kg m 22 is considered Grade II CED, and BMI , 16.0 kg m 22 is considered Grade III or severe CED. It is clear that healthy, thin and tall adults with a low BMI, but a high energy turnover would be misclassified as CED with this system. This concern led to the addition of a measure of energy turnover to the original classification, such that the demonstration of a low energy turnover was necessary before classifying individuals with a low BMI as having CED. The cut-off for this low energy turnover was based on a physical activity level (PAL, ratio of total energy expenditure (TEE) to basal metabolic rate) of 1.4. However, there are two problems with this approach 2 . Firstly, an analysis of the activities of women from less developed countries showed that they were capable of sustaining economically productive activities for up to 4.5 h day 21 , without exceeding the PAL cut-off of 1.4. This was because a lot of their activities during the day were performed sitting down, with attendant low energy costs of activity. Secondly, the measurement of PAL is difficult and subject to a lot of variability. The classification of the populations studied, into different grades of CED based on BMI and PAL, produced a non-Gaussian distribution, unlike BMI alone, which produced a more classical distribution 2 . These observations have led to the recommendation that BMI alone be used to diagnose CED.
From another perspective, the measurement of a low PAL may not be necessarily present in individuals with CED. In order to sustain economically productive (and sometimes, seasonally increased) activity in the face of a constant low energy intake, individuals with CED will have to continue their physical activity; the cost of this maintained activity will be a non-steady state of body weight loss until the individuals come into equilibrium with their energy intake once again 3 . An additional measurement that may be of some use in assisting the classification of subjects as chronically energy deficient, is the measurement of their socio-economic status, since Ferro-Luzzi et al. 2 found that the proportion of CED in a population increased as poverty increased. Reddy 9 has also shown that socio-economic and behavioural variables showed significant effects on age adjusted BMI. This approach is particularly useful when assessing subjects who are tall and thin, with a high-energy turnover, as may occur in developing countries.
The shape of the human body can also determine the BMI, particularly the ratio of leg length to trunk length, which is also called the Cormic Index 10 . There is considerable variation in this index both between and within populations 11, 12 , and therefore, it has been suggested that in inter-population comparisons, as well as in BMI measurements in individuals, a correction to the BMI be made based on the Cormic Index 12, 10 .
Body Mass Index and energy stores If body energy stores were the prime consideration, then a more specific index of body fat would be required, since it has been shown that in normal people at any given range of BMI and age, there is a wide range of body fat expressed as a percentage of weight 8, 13 . The BMI is highly correlated with the fat mass of the body 13 although this relationship is not as good among the very young and the elderly. In general, there is a loss of fat free mass (FFM) and a gain of fat as people age 14 and the fat composition of the body varies in different populations 8,15 -17 . With age and gender specific equations however, the prediction of body fat percent is fairly accurate 18 . This holds true for people from developing countries as well 15 .
Adaptations to, and consequences of, a negative energy balance
Acute energy deficiency
Effects on body composition The effects of AED have been studied in normal and obese individuals, in relation to several parameters such as the body composition, and components of energy expenditure. This review will focus on studies assessing AED in normal weight subjects only. The weight loss on starvation is initially rapid (up to 5 kg over a few days), due to the depletion of glycogen reserves, the utilisation of body protein and the water loss that accompanies this 19 . The loss of body tissue that accompanies negative energy balance is composed of primarily fat, although varying amounts of lean tissue are lost as well. During the 6 month semistarvation study of Keys et al. 20 , in which normal subjects were fed at an average energy intake of 6.6 MJ day 21 , the lean tissue loss was 57% of the total weight loss, and overall, the subjects had already reached the nadir of their body fat halfway through the study. These subjects were initially physically active, and the energy deficit in such individuals was met in part, by mobilisation of their fat stores. Although physical activity would have been expected to maintain muscle mass in such a situation; it is clear that lean tissue is also catabolised to provide energy in the face of large energy deficits. While this type of energy restriction is severe, a recent 2 year study 2 on individuals living in an enclosed environment Biosphere 2, and subjected to a milder degree of energy restriction resulted in a decline of , 15% of body weight at the end of the 2 year period. Longitudinal data is not available for the subjects in these experiments, but their low body fat (,10%) at the end of the study indicated that a substantial part of their body weight loss was due to fat loss. In another study on active young men 22 given an energy deficit of about 5 MJ (1200 kcal)/d, it was found that most subjects reached a body fat content of about 4-6%, after a period of 8 weeks, and the proportion of fat loss to total weight loss was about 0.6. The proportions of fat loss was dependent on the initial adiposity 23 , and although the subjects reached their nadir fat content before the end of 8 weeks, the lean tissue loss did not increase beyond about 7% of the initial FFM, due to possible metabolic efficiencies that decreased energy demand, and hence weight loss rates. The composition of weight loss is dependent on different conditions under which the negative energy balance is imposed: in healthy, normal young men, the weight loss is composed of fat and FFM, while in obese individuals it may be primarily fat mass 24 .
Effects on basal metabolic rate Accompanying the changes in body composition during acute negative energy balance, are adaptive changes in energy expenditure. Reductions in the basal metabolic rate (BMR) are partly mediated through weight loss itself, in which metabolically demanding tissues of the body are reduced in size. However, it is clear that the metabolic activity of these is reduced as well. In the semi-starvation study referred to before 20 , the subjects' BMR decreased by about 27% when expressed per kilogram of FFM, compared with an almost 40% decline in whole body BMR from the initial value. The decline in BMR per kg FFM was most rapid in the first 2 weeks, indicating that the reduced metabolic activity of the fat free tissue occurred quickly in response to energy deficiency. In a re-analysis of the data from the Minnesota experiment, it appeared that the reduction in BMR after semi-starvation was correlated with the loss in fat mass (but not loss of FFM), and this has been hypothesised to be due to feedback signals from fat stores which adaptively diminish the thermogenesis (and therefore the BMR) in normal weight individuals 25 . A similar reduction in BMR or sedentary energy expenditure per kg active tissue has also been observed in other studies, with different types of semistarvation based on decreasing the intake of single nutrients or all nutrients, or with complete starvation 26 -31 . In the Biosphere 2 experiment 21 , the sleeping metabolic rate (SMR) was measured 1 week after the subjects had exited the Biosphere (after 2 years) and was found to be significantly lower in the subjects when compared to controls, but just below significance after adjustments for age, gender, fat and FFM. However, these subjects were studied some 3-8 days after exiting the Biosphere, and in this intervening period were allowed an ad libitum diet, which could have had an effect on the SMR.
On the other hand, there are also findings of an increased BMR per kg body weight in a number of clinical studies arising from energy deficiency, and it is possible that these conflicting findings are due to several factors, such as whether the patient was in a state of recovery or not, or due to methodological errors during the conduct of BMR measurement 32 . The ingestion of food in recovering malnourished children or adults can also increase the BMR. For instance, the BMR per kg body weight was increased in a study which re-fed adult men who had earlier been subjected to a negative energy balance 26 . Similarly, a 3-month re-feeding regimen in chronically energy deficient men also demonstrated an increase in BMR per kg body weight 33 .
The conflicting findings of change in BMR per kilogram of body weight or FFM can partly be explained by examining the composition of the fat free tissue loss, and the organ contribution to metabolic rate 32 . Table 1 shows  the relative loss of different tissues in atrophic infants   32 , where the brain, viscera and skeleton are relatively preserved when compared to muscle and fat. Indeed, the rate of both muscle and adipose tissue are higher than other tissues during acute under-nutrition 29, 34 . Since these tissues have relatively lower metabolic rates than visceral organs 29 and since the organ mass has been shown to be inversely related to the FFM 35 , it is possible that the BMR per kg FFM, would depend largely on these factors. It is also possible that there may be alterations in the metabolic rates of individual organs, contributing to an increase or decrease of the BMR per kg FFM. Therefore, the change in BMR per kg FFM is dependent on a balance between the greater loss of relatively inactive tissue such as fat and muscle and a potential reduction in the metabolic rate of the fat free tissues. However, when the negative energy balance is complicated by disease, the metabolic rate of visceral tissues is likely to increase.
Factors underlying the decrease in BMR
The factors underlying the decrease in the activity of the FFM have been reviewed by Shetty 36, 37 , in both acute and chronic undernutrition, and include reduced activity of the sympathetic nervous system, altered peripheral thyroid metabolism and lowered insulin secretion, along with substrate utilisation designed to maintain glucose production and maximise fat usage. Leptin (the ob gene product), which is expressed in adipose tissue and secreted into the circulation, acts at the hypothalamic level as a lipostatic mechanism through modulation of satiety and the activity of the sympathetic nervous system 38, 39 . Another mechanism by which leptin may act to increase energy expenditure is through changes in the expression of uncoupling proteins 40 . Significant decreases in serum leptin concentrations, which were highly correlated with weight and body fat, have been shown in anorexia nervosa 41 , and a recent study demonstrated that plasma leptin levels were positively correlated with the BMR adjusted for FFM in anorexia nervosa patients 42 . This suggests that leptin is important in undernourished, low fat mass states, as a potential modulator of the energy sparing response to energy deficiency. An additional modulator of the response to underfeeding is the genetic makeup of the individual. Therefore, the effects of changes in environmental conditions (in this case, negative energy balance) would be similar in a group of individuals if their genetic makeup was unimportant; however, if dissimilar effects were observed for exactly similar environmental conditions, then there must be a gene-environment interaction 43 . There are of course other variables that must be considered when analysing these experiments, such as the condition (for example, energy store) of the subjects before the start of the environmental change. In one study on monozygotic twin pairs, Bouchard et al. 44 measured the body weight and compositional change after 93 days of negative energy balance induced by increased exercise with constant dietary intake. The within-pair variation was much less than the between-pair variation for loss of weight, body fat, visceral fat and respiratory exchange ratio during exercise (see Fig. 1 ), showing that subjects with the same genotype were more alike in responses than subjects with different genotypes. On the other hand, there was also no twin resemblance in the RMR adjusted for FFM. These observations support the existence of gene -energy balance interactions in determining the response of individuals to negative energy balance.
Effects on thermogenesis
Changes in thermogenesis could also account, in part, for decreased TEE in response to total or semi-starvation. The changes in cold induced thermogenesis are not as consistent or dramatic as the fall in BMR in acute negative energy deficiency. Over short durations of complete starvation (48 hours), there is a reduction of core temperature in response to cooling, but this is due to an inappropriately small vasoconstrictor response, rather than a thermogenic defect 45 . The thermogenic response to acute undernutrition over a week has been studied in Fig. 1 Changes in body weight with negative energy balance in seven pairs of twins young women, who lost 2 kg of body weight, and showed no reduction in response to cooling, however, in the same model of underfeeding, the thermic effect of a glucose and insulin infusion was abolished, although the glucose disposal rates remained essentially similar 46 -48 . In a more chronic model of undernutrition using elderly undernourished women admitted into hospital with fractured femurs, it was found that the thermogenic response to a cold stimulus was reduced 49 when compared to similar but normally nourished patients, although the undernourished women were slightly, but significantly older than the control group. The reduced thermogenic response (if a decline in BMR is considered to include a decreased thermogenesis) in AED may also be part of a feedback loop, which regulates the fat deposition on acute re-feeding 25, 50 , although other underfeeding studies have not observed a similar effect on either the RMR or on subsequent weight gain after an intervening period of 4 years 51 . This interesting possibility, of the long-term effects of weight loss on subsequent weight (and specifically fat) regain, needs more study.
Effects on physical activity
Changes in physical activity are also effective in reducing TEE. It should be emphasised that the changes in physical activity may not be a matter of a self-selected strategy or choice, for individuals subjected to energy deficiency, but a consequence of the process, and all descriptions of a reduction in physical activity in this review are subject to this caveat. In the Minnesota study 20 , the physical activity of the subjects was noted to decline with semi-starvation; if it is assumed that the subjects were in a near steady state of energy balance at the beginning and end of the study (since their body weight declined at a very slow rate at the end of the 6-month study), it is reasonable to calculate their PAL as the ratio of BMR to energy intake. Thus, the subjects, who were on activity schedules, showed a decline of PAL from about 2.1 to about 1.6. The decline in BMR would have only accounted for about 34% of the adaptive decrease in energy expenditure while the decline in physical activity plus thermogenesis would account for the major component of the adaptive energy saving response. In the Biosphere experiment 21 , subjects demonstrated a PAL of 1.7 near the end of their 2-year confinement, and this suggests that they were able to be active despite their lower than normal intake, and the subjects appeared to be in energy balance at the time. Although this appears counter-intuitive, it must be remembered that these individuals were subjected to energy intakes of about 7.5 MJ day 21 during the first 6 months of their confinement, during which their body weights declined by 15%. In the next 18 months, food availability stabilised at a lower than normal level, but the subjects were able to remain in equilibrium, maintaining relatively stable body weight with this lowered intake, by reductions in their energy expenditure but not their physical activity. They, however, did demonstrate decreased TEE (by about 6% when compared to controls), even after adjusting for age, gender, fat and FFM; this suggests that there were spontaneous reductions in physical activity of a non-volitional nature, since their volitional activities continued. This situation appears to be analogous with what is found in chronically energy deficient subjects. In addition to the foregoing, it is also possible that there could be an efficiency associated with physical activity, however, in experiments where the energy cost of specific activities has been measured, there was found to be little if no change in metabolic efficiency. This efficiency is the ratio between the work done, and the energy expended in doing the work. In the Minnesota experiment, treadmill data demonstrated a significantly higher gross efficiency after 6 months of starvation, however there was no difference in net efficiency. Higher gross efficiency has also been found in Jamaican subjects with a low energy intake, doing the step test, when compared to controls 52 . Physical strength can also decline with AED, and in the Minnesota experiment 20 , it was found that grip strength declined by about 30% by the end of the 6-month semi-starvation period. Similarly, after a 20% energy restriction study for 10 weeks on normal middle aged men, it was observed that the energy restricted men demonstrated a shorter exercise time and lower maximal power output when tested to exhaustion with bicycle ergometry 53 . From the behavioural viewpoint, the imposition of an AED causes apathy with a marked reduction in spontaneous activity, and a lack of motivation to undertake activities 20 . A decrease in food intake also results in a change in selection of discretionary activity patterns, such that lower activity discretionary patterns are selected, although obligatory activities are not affected 54 . Keeping in mind the caveat of 'choice' vs. 'consequence', these behavioural changes maximise the chances of survival under conditions of AED, and this was also demonstrated in the Biosphere experiment 21 , where 'spontaneous' physical activity of the subjects was significantly less than that of controls.
Summary
Overall therefore, it appears that acute short-term or longer-term energy deficiency, whether experimental or associated with pathology, is associated with body weight loss, along with changes in body composition, as well as a reduced BMR and physical activity. An additional adaptive finding is the decline in metabolic activity of the FFM in uncomplicated energy deficiency. The weight loss and lower BMR may indeed be the sine qua non of AED especially in the context of comparisons with CED. However, when the negative energy balance is complicated by associated pathology, the changes in body weight loss and composition may be more dramatic, and the metabolic activity of tissues will actually increase.
Chronic energy deficiency CED is defined as a weight-stable energy balance state, in the presence of lower than normal energy intakes. This state is achieved by the presence of low body weight and fat stores, but the individual's health is normal and body physiological function is not compromised to the extent that the individual is unable to lead an economically productive life 3 .
Effects on body composition Anthropometrically, the consequence of an inadequate energy intake during the childhood and adolescence of an individual is a reduced body size, and a low BMI. In individuals with CED, there is also stunting due to the presence of low energy intakes and concomitant repeated infections in childhood and adolescence 55 . A crosssectional study on the measurement of the fat and FFM by hydrodensitometry, in men and women recruited from the lowest socio-economic class in urban India, with BMIs ranging from normal to Grade II CED showed that the mean percent body fat was different (15.5 vs. 9.8% in men, normal vs. grade II CED). For women, a higher body fat was noted, but the percent body fat in normal women was 24.8% compared to 15.4% in Grade II CED. The heights of the subjects were similar, with a pattern of lower weights as BMI decreased. About 60% of the difference in body weight could be attributed to a difference in FFM in men, when comparing normal subjects to group I and II CED, however, in women, this proportion was less at between 40% and 50% 56 . This is similar to the composition of tissue lost after 24 weeks in the semi-starvation study of Keys et al. 20 in normal, uninfected, active individuals, although it must be remembered firstly, that the rate of fat loss was not constant throughout this period, and secondly, that these situations are not strictly comparable, since, in CED, there is no tissue loss, as the subjects have never earlier had a higher body weight. In a study conducted 10 respectively) Gambian men, where the difference in FFM contributed 65% of the difference in body weight.
The composition of the FFM may also differ from normal subjects in CED. Studies comparing subjects with CED and normally nourished subjects (BMI . 20 kg m
22
) suggested, by indirect means, that the muscle to viscera ratio was decreased in CED 58, 59 . Similar findings were found in studies on mild and severe malnutrition 60 , where the muscle cell to visceral cell ratio was lower in severe undernutrition (BMI , 18.5), when compared to mild undernutrition.
Effects on BMR
The interest in the BMR of individuals with CED arose following the Food and Agriculture Organization/ World Health Organization/United Nations University (FAO/WHO/UNU) Expert Consultation report on Energy and Protein requirements 61 , which adopted the BMR as the basis of expressing energy requirements, therefore fuelling a search for metabolic efficiency and adaptation to lower energy intakes in these subjects. This committee also mentioned the need to clarify the extent to which the body can adapt to different levels of energy intake by change in the BMR. Besides the implications of precision of BMR estimates and their long-term stability, the important issue was the possibility that metabolic efficiency in energy utilisation at the cellular level would be a corollary to long-standing energy deficiency. Thus, one of the ways an individual with CED would adapt to their lower than normal energy intake, is by a reduction in their BMR. The smaller BMR occurs naturally as a result of a reduction in body size, however, it is important to note that in such individuals, who have never lost weight in the past, the BMR expressed per kg body weight or FFM, may not show similar effects as in individuals with AED. Indeed, although the total BMR is lower in these individuals, in a number of recent studies, the BMR per kg body weight was similar to, or higher, than control subjects 57,58,62 -65 . In these studies, in which the subjects had BMIs that were comparable to the acute Minnesota study, the BMR when expressed per kilogram body weight was higher than normal, by up to 17%. This applies to measurements of TEE as well 65 . A possible reason for the higher BMR per kg body weight or FFM, is the change in the composition of the FFM, such that there is less tissue that is relatively metabolically inactive (muscle and fat) and proportionately more tissue that is relatively metabolically active (viscera) in individuals with CED when compared to normal individuals 32, 58, 59 . The linear relationship between the BMR and body weight (or FFM) has a positive intercept across a range of body weights 66 , it is clear that individuals with a smaller size will have a higher BMR per kg body weight or FFM. This can be addressed statistically by looking at the difference in BMR between different groups by an analysis of covariance, after which no differences in BMR were observed in most studies between individuals with CED and their normal controls 56, 58, 65 , except for one in which the difference persisted 67 . In another comparison between Asian, Caucasian and African women, it was found that for the same FFM, there was no difference in the BMR 68 . Therefore, it is unlikely that there is any significant adaptation in the BMR (in terms of a lower BMR/kg FFM) as an energy saving mechanism in response to apparently lower than normal food intakes. This statement should be viewed in the light of the undoubted fall in the metabolic activity of lean tissue in acute semi-starvation. Thus, in situations of acute-on-CED, as has been observed with seasonality of food availability 56 , there may be evidence of adaptation in BMR in CED. This may also serve to explain the discrepant findings of a lower BMR adjusted for FFM 67 , or a lower BMR per kg FFM 69 , in some studies in subjects with CED. It is also known that the measured BMR of South Asians, and Africans 65 is lower than their predicted BMR 61 by some 10%. This has been observed by Schofield 70 , by Henry and Rees 71 in tropical populations, and in some 65 , but not all studies in Gambian men 72 . Although this was attributed to an effect of ethnicity on BMR, it is simply more likely that the prediction of BMR from linear equations using body weight may be erroneous since the slope of the relationship between BMR and weight is not likely to be the same at all ranges of body weights. In addition, the FAO/WHO/UNU equations relied upon a large number of Italian military subjects, whose BMR was higher than other Caucasian groups 73 ; therefore, the prediction equations generated from this data set would overestimate the BMR, particularly at lower body weights. Figure 2 shows the mean group percentage difference between predicted and measured BMR plotted against the mean BMI in a variety of tropical populations, for men and women. It is interesting to note that in general, there is a preponderance of negative values (prediction greater than measured), and while the BMR of men is overestimated, the BMR of women is underestimated.
Effects on thermogenesis
There have been very few studies of thermogenesis and the sympathetic nervous system in CED. While subjects with AED show an abolition of the thermic response to glucose, as well as altered thermoregulation in response to cold 45, 48 , subjects with CED show a tendency to a diminished noradrenaline stimulated thermogenesis 63, 64 , although the difference in thermogenic response between the CED and control subjects was very small. It has been speculated that there is a reduced sympathetic nervous system drive in individuals with CED, and while the reduced thermogenesis is an energy saving mechanism, it would potentially be detrimental during exposure to cold 74 . However, young male subjects with CED showed greater peripheral vasoconstrictive and thermogenic responses when they were exposed to mild cold, in comparison to well-nourished subjects 75 . The enhanced peripheral vasoconstrictive responses were similar to those observed in studies exploring the insulative properties of subcutaneous fat in lean and obese individuals 76, 77 , but contrary to the lack of a vasoconstrictive response in an elderly group of women with a relatively longer term AED 49 . This suggests that, in young individuals with CED, thermoregulatory responses are well preserved and that the need for thermoregulation is greater than the need for energy conservation. However, these thermoregulatory studies were carried out under mild cold conditions, and it is not known whether subjects with CED can continue to show effective thermoregulation when exposed to severe cold. In studies on the thermic effect of a meal (TEM) in CED subjects, an increased total TEM response was seen in subjects with CED when compared to controls 78 , suggesting that diet induced thermogenesis did not show any energy saving, adaptive response in CED.
Effects on physical activity
The energy cost of daily physical activity of individuals with CED is not well established. The best measurements of daily PALs come from free-living experiments measuring TEE by the doubly labelled water method (DLW) 79, 80 , and expressing the PAL as the ratio between the measured TEE and the BMR. Ideally, the PAL should be calculated taking into account the thermogenic component of the TEE, such that the PAL is the ratio of the TEE and the sum of BMR plus 10% of the TEE (assuming the thermogenesis due to food to be about 10% of the TEE). However, it is simpler not to make this distinction, and to calculate PAL as TEE/ BMR. While there are a number of studies that have validated and measured TEE by the DLW method, these have been carried out in predominantly Western populations. In an Indian study in individuals with CED, TEE was measured 81 in urban and rural young males with CED. These measurements were compared with control well nourished (normal BMI), upper socio-economic class males. The PAL in the urban subjects with CED subjects was 1.5, which was significantly lower than those in the normal BMI controls (1.8) and in the rural farmers (1.9). The high PAL in the rural farmers is similar to the even higher PAL (2.4) reported for rural Gambian men during intense agricultural work 72 , and to the high PAL measured in rural men (1.9) and women (2.2) as the ratio between energy intake and BMR 82 . These are also similar to the value of 1.9 for male agricultural workers from less developed countries estimated using Integrated Energy Indexes for different activities, apportioned into number of hours spent in those activities per day; however the calculated value for female agricultural workers was lower at 1.7 83 . The lower PAL observed in the Indian urban CED slum dwellers (who were manual labourers) was possibly due to long rest periods during their work, or due to intermittent work availability, or due to very sedentary activity during their leisure time. It could also be due to less spontaneous activity, or fidgeting. In a whole body calorimetric study of 24-hour energy expenditure with ad libitum activity (except for an hour of prescribed exercise) in low BMI Gambian men and normal BMI controls, it was observed that there were no differences in the TEE when adjusted for weight or FFM using analysis of covariance 65 . However, the low BMI group had a slightly lower mean PAL (1.3) when compared to the controls (1.4), despite similar activity patterns. While this is a small difference, it is important to remember that fidgeting and the response to other small stimuli can raise the TEE by 10% 84 , and the reduction of superfluous movements may be one way of adapting to a low energy intake 85 . A similar conclusion may be drawn from a recent study which overfed normal weight individuals for 8 weeks, and found that two thirds of the increase in TEE could be accounted for non-exercise activity thermogenesis which is associated with fidgeting, maintenance of posture and other activities of daily living 86 . It is also interesting to speculate that the lower PAL of the individuals with CED could be due to their inherent smaller size, as it has been shown that the PAL of heavier individuals is greater than that of lighter individuals, for the same level of physical activity 87 . However, it can be argued that if the extra weight of heavier individuals was due to fat mass (which would not increase the BMR much), then the extra work of moving this fat would be reflected in the greater PAL of these individuals 88 . As with the Indian labourers with CED and low PALs, an analogous situation has been observed in Guatemalan labourers, where men with significantly lower lean body mass (LBM) were able to complete the same amount of work compared to well-nourished men, but took much longer to do it 89 . Clearly, more studies are needed in this area, particularly paying attention to the motivation of the subjects during the study.
Work capacity and productivity are linked to the aerobic capacity of an individual, which in turn is dependent on the body weight, height and FFM. Therefore, nutritional status, by influencing the latter, would influence work capacity. For instance, work output was associated with poor anthropometric status in migrant adolescent agricultural workers 90 . In Colombian sugar cane cutters, work output was correlated with height, weight and LBM, as well as to the physical fitness of the subject in terms of his maximum O 2 consumption (VO 2 max) 91 . This also demonstrates that the work output is related to both the present (VO 2 max) and the past (height) nutritional status. The VO 2 max was also found to be progressively lower as the nutritional status of subjects' worsened 92 . In Indian industrial workers, good correlations were found between weight, BMI and work capacity in workers with a low BMI 93, 94 . Even in low intensity industrial work, it was found that productivity was associated significantly with weight, height and the LBM. In Guatemala, tall sugar cane cutters have also been shown to be more productive 95 , while Haddad and Bouis 96 have also shown that height and not BMI was a significant determinant of wages. In Kenya, it was found that the BMI of men showed a relationship with household income, while this was not that evident in women 97 .
Ferro-Luzzi et al.
2 demonstrated that individuals with varying degree of CED spent fewer hours per day working than normal individuals in the same cultural milieu. Overall, the link between poor nutritional status and work productivity is complex, with several variables such as motivation, wage, the health status of the individual and absenteeism 3 . Forearm grip strength has also been evaluated in urban and rural individuals with CED. Marginal malnutrition in Mexican boys is associated with reduced grip strength when compared with Mexican-Americans 98 . Studies in India have indicated that rural adults with CED have lower handgrip strengths, in absolute terms, as well as when corrected for forearm muscle area in comparison to wellnourished subjects 99 . However, more recent studies have indicated that urban adults with CED have reduced absolute handgrip strengths when compared to wellnourished subjects, but that these differences do not persist when corrected for differences in forearm muscle area or volume 100 . A lower VO 2 max has been observed in marginally malnourished young men in Guatemala when compared to well-nourished men from higher socioeconomic backgrounds 101 , and in Indian individuals with CED when compared to normally nourished controls 102 ; in these cases, the difference in VO 2 max disappeared when corrected for the subjects' size and body compositions. In addition, it has been found that CED subjects also fatigue faster when subjected to standard laboratory isotonic and isometric exercise protocols than their well-nourished counterparts 100 , although in other studies, there were no differences in endurance between undernourished and normal individuals 103 . Taken together, the data indicate that CED subjects have reduced skeletal muscle performance that is largely explained by the reduction in muscle mass, but may also be partly due to functional changes in skeletal muscle.
The anecdotal observation that subjects with CED do a lot of work with reportedly low energy intakes has led to the speculation that there may be some mechanical efficiency in CED subjects. Studies of young individuals with CED in a whole body calorimeter have suggested that the CED have reduced post-exercise oxygen consumptions, and return to their basal oxygen consumption faster than well nourished controls 104 . Other whole body calorimetric studies in young urban CED subjects have shown that they have a higher net mechanical efficiency during stepping 102 ). The interpretation of these conflicting findings is limited because of the different methods of calculating mechanical efficiency; in addition, the energy saving due to these adaptive mechanisms is likely to be small. It is also possible that the (small) adaptive increase in mechanical efficiency in CED, if present, could be due to an increased percentage of slow twitch fibres, which are more efficient, and use fat as their primary fuel, a fact that may be important when glucose needs to be used sparingly. This may be due to the diminished thyroid status of the subjects with CED 102 , or due to the malnutrition itself 107, 108 . It must also be remembered that the CED subjects can reduce the energy cost of activity by simply economising their movements during work, as has been observed in the cost of sitting and standing, in African and Asian subjects 109 . Subjects with CED can also reduce their energy expenditure by a variety of means related to their behaviour. Rural Guatemalan men with lower lean body and muscle mass took longer than their well-nourished counterparts to finish a task, although they completed the same quantum of work 89 . A similar finding was also observed in Kenyan road workers, where there was a significant relationship between the weight-for-height, and the time taken to complete a task 110 . In addition behavioural changes were also observed, in that these subjects spent a longer time in sedentary discretionary activities. The physical activities related to work and earning, of undernourished individuals in developing countries, seem to be maintained in spite of low BMIs, and the restriction of social or discretionary activities seems to be a survival strategy in these situations. Spontaneous physical activity may also be curbed, as was noted in the long-term energy deficient study of Biosphere 2 21 as well as in calorimetric studies in Gambians 65 , where spontaneous activities measured by radar were lower in low BMI individuals. It appears that a low BMI and CED is associated with a decline in work output and discretionary activities. There is also an inability to work at a given pace and to maintain that pace throughout the day.
Summary
In summary, CED is an inadequacy in food to which individuals adapt, at some cost. These individuals are different from those studied in AED, as they have never 'lost' weight: they have simply grown less. They adapt to the decreased food energy by reductions in their TEE, linked mainly to a lower body size, and to their physical activity. The latter does not tend to be low; indeed it may be very high based on the work an individual is forced to do in order to survive, and these episodic or seasonal fluctuations in work demand and food availability may lead to fluctuations in body weight. Since individuals with CED have to work in order to survive, their physical activity may be normal or high depending on their economic and seasonal situation; however, this conceals an undesirable and unhealthy decline in social and discretionary components of their activity. It seems unlikely that there are any metabolic efficiencies in the activity of tissues in CED, nor in physical activity, although this latter has to be seen in the context of possible 'real-life' efficiencies, as have been observed in Kenyan women who can carry up to 20% of their body weight without increases in energy expenditure 111 .
Morbidity and mortality with chronic energy deficiency A study from India 6 has shown that low BMI (, 16.0) is associated with an increased mortality rate of 32.5 deaths/ 1000 per year, when compared to a mortality rate of 12.1 deaths/1000 per year in normal (BMI . 18.5) individuals. These rates rose progressively as the BMI decreased. However, it is not clear whether the low BMI was a cause of death, or a consequence of other disease processes leading to death. There is also some concern that the J-shaped curve of Western morbidity/mortality rates in relation to BMI implies a higher death rate in thin adults 112 , although the cause of mortality in thin people may be due to other risks such as smoking, or illness related weight loss. In addition, it has been pointed out that the relationship between a low BMI and morbidity or mortality implies 'circularity', in that a low BMI can cause illness, and conversely, illness can cause a low BMI 113 . Given the close association between undernutrition and immune status 114 , it is likely that individuals with a low BMI would be more prone to infectious diseases, particularly in developing countries, and this may lead to a vicious cycle of disease and further undernutrition.
In terms of morbidity, Francois has shown that below a BMI of 17.6, a large amount of time was spent in bed due to sickness in a population of rural adults from Rwanda 3 . In rural Sarawak, it was found that the number of symptoms of sickness was associated with the BMI in men, but not in women 115 . In Brazil, data from the National Health and Nutrition survey demonstrated that a plot of days sick (over a 2-week period prior to interview) with the BMI gave a U-shaped curve, similar to the mortality vs. BMI curve in Western populations 116 . Below a BMI of 17.0, there was a sharp increase in the number of sick days. In a group of poor Indian men, retrospective morbidity was two to three times higher in those men with a BMI less than 16 117 . The BMI was also a better discriminator of retrospective morbidity than other anthropometric variables. However, in a study of four different populations with self reported illness, the BMI was not found to be significantly related to illness in terms of using a BMI of 18.5 kg m 22 as the cut-off between groups, although the authors recognised that there were many other factors, particularly activity, that determined the thinness of adults 113 .
Effect of re-feeding in energy deficiency
It is well known that the re-feeding of semi-starved individuals leads to an increase in body weight, particularly fat, as was described in the Minnesota study 20 . In the Biosphere 2 study as well, individuals who had been on an energy restricted diet for 2 years and had lost , 15% of their body weight, went on to reestablish their body weight after consuming an ad libitum diet for 6 months after the study 21 . Dullo et al. 118 have concluded that the body fat stores are hardwired in the system as a set point, or 'fat stores memory', thus ensuring that the same fat store is quickly regained on re-feeding after semi-starvation. They also suggest that this set-point mechanism operates through a feedback reduction in thermogenesis, such that the fat stores are regained in the quickest possible time, and therefore, an advantage in situations where food availability is uncertain 50 . In addition, they concluded that the hyperphagia observed on re-feeding after semi-starvation, was linked to both the fat and FFM loss with semi-starvation 118 . The important question is what happens when those who have never lost weight, such as the chronically energy deficient, are supplementally fed? A 45-day supervised repletion of energy (but with low protein of 5.7%) has been studied in adults with a mean BMI of about 16.0 kg m 22 119 . It is not clear what the energy intake of the subjects was prior to the study, however they were farm labourers with presumably low energy intakes, and probably weight stable at the time, since they were able to work on these intakes. After the 45 day supplementation period, the body weight of the subjects increased by about 1.8 kg (, 4%), while their fat mass increased by about 5.1 kg (percent body fat increased from 19.7 to 29.7%). This meant a decline in their FFM, which reduced from 34.5 to 32.2 kg; the muscle and visceral compartment also showed a decline from 10.1 to 9.6 kg, and from 4.7 to 3.0 kg, respectively. The total body water (TBW) also decreased; thus, these bi-directional changes combined such that there was only a modest increase in body weight. The important point to note in these data is the relatively large increase in body fat, which however, was not detected in the triceps or subscapular skinfolds, and hence must have been at other subcutaneous or intra-abdominal sites. This pattern of weight gain was altered once the subjects were given protein repletion in addition to their energy repleted diets 119 . When the protein intake was increased to about 2 g kg 21 per day (compared to about 0.6 g kg 21 per day at their habitual and energy repleted diets) in addition to the increased energy intake, FFM increased significantly, in terms of both muscle and visceral mass, and while body fat continued to increase, its rate of increase relative to the body weight change was slower. This suggests that a healthier pattern of weight gain can be achieved by attention to protein intake. Significant improvements in VO 2 max after protein and energy feeding have been observed, due to an improvement in muscle mass, however this is not observed with energy supplementation alone 103 . In a short term re-feeding study over 12 weeks, supplementing seven chronically energy deficient subjects with about 40% of their habitual energy intake, in the form of a corn-soya meal/oil/sugar mix (low protein at 7.5%, 52.5% carbohydrate and 40% fat), it was found that mean body weight increased by 1.9 kg, or nearly 5% of their pre-supplementation body weight 33 . This was partitioned into an increase of 58% in body fat, measured by skinfolds, and the rest in the FFM. Unfortunately, the change in each skinfold was not provided, such that it is not known whether this fat increase was truncal or appendicular. In addition, body fat was measured by the sum of four skinfolds, using Durnin and Womersley's prediction equation 120 ; while this method has been validated in terms of a systematic error in these populations 121 , the random error is considerable, added to which are inter and intra-observational errors, and it should be emphasised that the skinfold method is a surrogate for body fat, but does not actually measure it. Out of the total weight gain, 1.3 kg (68%) was observed within the first 3 weeks, partitioned into a fat: FFM ratio of 46:54, while the remainder weight gain over the last 9 weeks of the study was 83% fat. The post-supplementation BMR increased significantly even after adjusting for the FFM (by about 19%), while the respiratory quotient (RQ) rose significantly (Fig. 3) . The increase in body weight was modest when compared to the energy supplementation, and the authors speculated that this was due either to a substitution in the diet, or, since this was a free living study, to an increase in work related activity and total daily energy expenditure. The modest weight change could also have been due to bi-directional changes in the size of different body tissue and water compartments 103 . The increase in FFM (measured as the difference between body weight and fat measured by the skinfold method) observed in the early re-feeding was not due to an increase in muscle mass, as the 24 hour creatinine excretion did not change 33 , and it is possible that this could have been due to an increase in visceral or splanchnic mass, as has been observed before 122, 123 , or due to changes in the hydration of the FFM. In these same subjects, noradrenaline stimulated and diet induced thermogenesis did not change with energy supplementation 78, 124 . If food supplementation is episodic, the question is what happens when the chronically energy deficient subjects return to their pre-supplemented state, as would happen with episodic food availability? This was also studied by Soares et al. 33 as a continuation of their experiment (above), 12 weeks after the supplementation of the subjects ceased, and while the subjects' energy intake (by dietary recall) remained the same as in the pre-supplemented state, their BMR adjusted for FFM was significantly lower than after 12 weeks of supplementation; interestingly, while the subjects lost 1.4 kg body weight (out of 1.9 kg gained during supplementation), only 36% of this loss was fat. Admittedly, these changes in body fat mass were determined by the measurement of skinfold thickness, and no measurements in body water loss or hydration of fat free tissue were made. Therefore, with these caveats in mind, it can be assumed that there was a net gain of about 0.6 kg fat due this cycle of episodic supplementation over 6 months. This is analogous to the situation in re-feeding individuals after starvation, where much of the weight gain is fat.
The potential for the increase in fat stores on re-feeding raises important public health issues related to the epidemic of type 2 diabetes and coronary heart disease (CHD) in transitioning populations in developing countries, such as India 125, 126 . This is based on several lines of evidence; first, populations in developing countries are undergoing remarkable transitions in their lives based on dietary practices (increased energy intake, substitution of coarse grains with refined cereals, and the use of increasing amounts of fat 127 ). Economic transitions are being seen as well, in rural to urban migrations, the growth of an affluent middle class 128 , and the increase in the proportion of obese individuals from tribal to urban groups, and from lower to higher income groups 9 . Second, Asians and MexicanAmericans seem to have a higher amount of body fat at a given BMI 16 . Third, the main anthropometric correlate of both diabetes and CHD is obesity, particularly of central distribution 129 and it has been shown that the higher BMI and central obesity (Waist-Hip Ratio, WHR) is associated with a higher prevalence of diabetes 130 in urban Indians, and also explained the higher risk of insulin resistance in migrant Indians compared to white Caucasians in the UK 129, 131 . Fourth, in a study of maternal nutrition and foetal growth it was shown that babies born in India were thinner and lighter when compared to those in the developed world, but had subscapular skinfolds which were 93% of Western babies, suggesting that their fat stores were not diminished 132 . Fifth, it is thought that insulin resistance is related to circulating concentrations of the proinflammatory cytokines secreted by adipose tissue such as TNF a
133
, and in conditions where there is a higher possibility of sub-clinical infections, this may be a significant factor in the development of insulin resistance. Finally, there is also preliminary evidence that adipose tissue, in addition to secreting cytokines and leptin, also elaborate a protein named resistin, which may have a role in increased insulin resistance 134 . A common thread that runs through these observations is the role of accumulated body fat in general, as well as of its location, and taken together point to a dual problem particularly in developing countries: while CED will remain a major public health problem, economic growth and development may lead to an equally large burden of chronic disease. Appropriate preventive measures that avoid excessive nutrient intake, as well as the aggressive promotion of healthier lifestyles, will be needed. 
Effect of energy deficiency in the elderly
There is an increase in the number of elderly in most populations due to a longer life expectancy, but little data on the effects of energy deficiency on such individuals in the long-term, or in chronically energy deficient elderly subjects. The BMR of elderly individuals reduces with progressive age, and is less than that of young adults 135 -137 . The decline in TEE is of the order of 0.69 and 0.43 MJ day 21 per decade in men and women, respectively, of which 44% is accounted for by a decrease in BMR, 46% by a decrease in physical activity, and 10% by a decline in thermogenesis 138 . The decrease in BMR may be greater in sedentary elderly than in habitually exercising elderly 139 and this decrease is not completely explained by the reduction in the FFM 13 . The decline in thermogenesis in the elderly has been demonstrated for food 140 as well as for b-adrenergic agonists 141 and is not tissue specific. It has also been found that elderly men did not increase their maintenance energy expenditure as much as young men in response to overfeeding of about 4 MJ day
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, and are therefore more liable to store the extra energy intake as fat. These observations suggest that the elderly may have lower energy expenditure, and in the face of higher energy intake, may be at increased risk for fat accumulation and chronic diseases such as type 2 diabetes and cardiovascular disease. The FAO/WHO/ UNU 61 recommendation suggested that the energy requirement of the elderly was lower than in young adults and set it at 1.51 times the BMR for persons whose age was greater than 50 years.
However, studies on the activity patterns of elderly individuals from Western societies have demonstrated that they have a high physical activity, and therefore a higher than expected requirement at a mean value for both genders, of 1.68, when available values for TEE were adjusted upwards by 2% to account for a lower fractionated water loss in older people 31 . While it is known that the elderly constitute a heterogenous group and that it may be wrong to make generalisations on the basis of selected studies for the entire group, the observation of Roberts 31 raises concerns of energy deficiency in the elderly if they are unable to compensate this relatively high-energy expenditure. In addition to the heterogeneity of the elderly group, it must be remembered that there may be a selection bias in the recruitment of elderly subjects, since those elderly who are concerned and curious about their health, with healthier lifestyles, may be the easiest to recruit. Addressing this bias, Fuller et al. 142 showed that the daily energy expenditure in elderly men over the age of 75 years was 1.5 times the BMR, which was similar to the FAO/WHO/UNU 61 recommendation, albeit with substantial inter-individual variation. The potential negative energy balance in the elderly is also of concern because aging is associated with a decrease in body protein content, which is more marked in the muscle compartment 143 , and which would be accelerated in the presence of energy deficiency.
A 3-week underfeeding trial of elderly subjects, by about 3.4 MJ day 21 showed that they reduced their resting energy expenditure (REE) and TEE to the same degree as normal young subjects subjected to an energy restriction of similar magnitude of about 3 MJ day 2131 . The decline in REE was greater than what would have been expected from the weight loss alone, as is expected in acute undernutrition, but this decline was smaller than what was observed in the younger adults, and a plot of the change in REE to the change in energy intake revealed that the younger men had a higher slope suggesting a greater unit change in REE per unit change in energy intake 144 . No significant effects of age were observed in the maintenance (average of resting and postprandial energy expenditure) or TEE. In contrast to these findings, it was found that elderly men did not increase their energy expenditure as much as young men, in response to overfeeding of about 4 MJ day 21145 . This suggested that the elderly were likely to be predisposed to a greater adiposity during cycles of over and under-eating. A longer-term study of underfeeding by about 3.7 MJ day 21 for 6 weeks showed that the older individuals lost greater amounts of weight than their younger counterparts 146 . These elderly subjects also reported a significantly lower frequency of hunger during underfeeding, and during a follow up period of 6 months of ad libitum feeding did not regain their lost weight. It is thought that aging is associated with a significant impairment in the control of food intake in response to prior changes in energy intake 147 . The preceding discussion highlights two important issues: firstly that the elderly are more likely to put on weight during overfeeding. The weight gain may also be mainly fat, as it has been shown that the elderly tend toward a higher 24-hours RQ as they age, suggesting that they utilise less (and hence, store more) fat than their younger counterparts 148 . This study is particularly noteworthy as it assessed 24-hours RQ in a longitudinal design, over a gap of 7 years in the same subjects, thereby controlling for genetic differences. Secondly, the elderly are unable to match their energy intake to their output, particularly in underfed states. This is also of importance in elderly with chronic disease, where energy deficiency exists in spite of a decrease in physical activity, due to a reduction in energy intake 149, 150 . In chronically energy deficient populations, there is a decrease in BMI after the age of 50 9 . Even in acutely unstable situations where food energy availability was low, as in refugee camps, the prevalence of undernutrition, measured by BMI was higher among individuals above age 60, without gender effect 151 . There is no data available on the energy expenditure, and therefore requirement of chronically energy deficient elderly populations, both urban and rural. Importantly, the potential reduction in energy expenditure in CED in the elderly could have effects on the quality of life as shown in Western studies 142 , as well as on morbidity due to the accompanying sarcopenia, and on appetite. Given the documented changes in autonomic nervous activity with aging 152, 153 , it would be interesting to study the interaction of undernutrition (along with the possible decrease in sympathetic nervous system activity) and aging on autonomic nervous activity and its possible implications in postural and postprandial hypertension in the elderly.
Energy deficiency in pregnancy and lactation
Energy deficiency is highly prevalent among adults in developing societies because of chronically low energy intakes in combination with high-energy expenditure related to work. Women, in addition to this already existing nutritional stress, spend a large portion of their lives meeting additional high energy demanding physiological conditions such as pregnancy and lactation. In Africa and Asia, where CED is more prevalent, most women are pregnant or lactating for 35-48% of their reproductive years 154 . It has been said that such reproductive stresses, when coupled with under-nutrition, lead to a maternal depletion syndrome, which in turn has adverse effects on the progress of pregnancy, pregnancy outcomes, lactation performance, and subsequent maternal and child health 155 . A reduction in fecundity in undernourished women has been described to be the first reproductive mechanism that ensures a reproductive cycle is not initiated until sufficient fat reserves are available to protect against possible acute food shortages 156 . The onset and maintenance of menstrual cycles are each reportedly associated with a critical fat store 157 . This suggests that there is a body weight and/or composition associated with optimal reproductive success. Undernourished women frequently have delayed menarche, highly frequent irregular and anovulatory cycles, complete cessation of menstruation and early menopause 158 . Post-partum infertility is a second protective mechanism that helps to ensure that the mother does not have to sustain the dual costs of simultaneous pregnancy and lactation 156 . The third mechanism involves the utilisation of body fat stores to subsidise the costs of pregnancy and lactation, particularly in times of acute food shortages.
Pregnancy
In addition to the above protective mechanisms, there is good evidence that the costs of deposition and maintenance of additional tissue during pregnancy, in undernourished women, may be significantly offset by adaptive readjustments in other components of the maternal energy budget 159, 160 . Hytten 161 estimated the total energy requirement for an entire pregnancy to be 335 MJ (translating to an additional energy intake of 1.2 MJ day 21 ), of which 150 MJ are required for increases in basal metabolism, and the remaining for tissue deposition and for the conversion of dietary energy to metabolisable energy. No allowance was made for energy costs of physical activity. This figure of 335 MJ was arrived at with an expected maternal weight gain of 12.5 kg for the entire duration of pregnancy.
The two main areas where major energy savings could occur are basal metabolism and physical activity. Since basal metabolism constitutes 70-80% of total daily energy expenditure the potential for energy-sparing adaptations in this component are very high. To date, none of the carefully carried out studies on energy requirements during pregnancy has used women who are truly undernourished (BMI , 18.5). However, studies have been conducted on marginally undernourished subsistence farming women in the Gambia where food shortages are very common.
Data from the earlier of the Gambian studies suggested a link between maternal energy sufficiency and the metabolic response during pregnancy 162 . Women in this study were divided into two groups, one of which received an energy-dense dietary supplement during pregnancy and the other un-supplemented. In both the un-supplemented and supplemented groups, BMR was lower at 3 months gestation than at conception. The BMR in the un-supplemented group was significantly lower than that of the supplemented group at 3 months gestation. Thereafter BMR rose until term in both groups, but to a point considerably lower than that anticipated. Overall, the supplemented group showed a significantly greater increase in BMR than the un-supplemented women suggesting that the energy cost of pregnancy varied in response to energy supply. These energy-sparing adaptive patterns produced mean maintenance costs for pregnancy of 2 45 MJ in un-supplemented women and þ4 MJ in the supplemented subgroup as opposed to 150 MJ in well-nourished women.
A recent study on similar Gambian women by Poppitt et al. 160 supported the findings of the earlier study and showed that women were able to maintain an almost constant expenditure by reducing the components of maternal expenditure. Many women were able to completely cover the increase in maintenance expenditure that occurred in the second half of gestation by a reduction in BMR during early pregnancy. This was followed by only a small increase in basal metabolism during the rest of pregnancy. The cumulative maintenance expenditure of the group, measured up to 36 weeks gestation, was only 8.7 MJ. This increased to 26.5 MJ when the data were extrapolated to include the final 4 weeks of pregnancy.
In the Gambian women, changes in BMR during pregnancy could not be attributed simply to changes in weight and LBM but were caused by mass-specific changes in metabolism. Even under the strong constraints of food intake and a high workload there was a large amount of inter-subject variability both in the increase of weight, LBM, and fatness during pregnancy and also in the pattern of metabolic depression. Although the change in BMR was not influenced by the nutritional status of the women before they became pregnant, changes in weight, LBM, and fat mass had a significant effect on BMR. Both the Gambian studies confirmed that large energy-sparing adaptations occurred in rural Gambian women and were manifested predominantly as a depression of BMR.
Maintenance costs in both these studies were far below group mean values from 112 to 218 MJ and from 79 to 143 MJ for well-nourished women in developed countries and other developing countries, respectively 163 -172 . A reduction in physical activity has long been postulated to be the most important, and in some cases the only, mechanism by which undernourished women are able to reduce their energy expenditure during pregnancy and thereby complete pregnancy with only a small increment in food intake. Time allocation is a measure of behavioural choice with respect to physical activity. In the Gambia 173 , women spent more time in bed during pregnancy and less time on light/moderate household work. The strictly controlled calorimeter protocol in the Gambian study by Poppitt et al. 160 showed no significant differences, between serial measurements during pregnancy, in energy expended during periods of activity. They have suggested that the fact that energy expended during exercise did not increase in line with the increases in weight suggests energy savings during these periods. The calculations of energy savings for women from Keneba village amounted to 0.307 MJ day 21 during the dry season and 0.342 MJ day 21 during the wet season. However, these were far less than the energy spared by the depression in basal metabolism. In the Philippines 166 , women spent more time sitting, lying down and on light housework during late pregnancy. This compensated for less time spent on moderate and heavy housework. In a study conducted in Colombia, PALs were lower in the second and third trimesters of pregnancy with the women spending more time on energy saving activities and less time on energy demanding activities 174 . Although these studies do not give conclusive data on how much energy is saved by changing activity patterns during pregnancy, it is clear that diminished physical activity plays a major role in the energy balance equation during pregnancy.
Pregnancy outcome
Women in many developing countries achieve a successful outcome to pregnancy in spite of being chronically undernourished and are able to maintain a consistently high level of human reproductive performance in the face of nutritional deprivation. Indicators of maternal nutritional status which contribute to low birth weight (LBW, , 2.5 kg) of the infant have been estimated to be maternal height, pre-pregnancy weight, gestational weight gain, energy intake, energy expenditure, work and physical activity 175 . The mean birth weights of the infants in some of the studies mentioned earlier were between 2.89 and 3.46 kg, well above 2.5 kg 163 -172 . Women from Holland who were tallest and heaviest had the heaviest babies while women from the Philippines who were the shortest and lightest had the lightest babies. Although women from the Gambia were taller and heavier than Thai women, their BMI was virtually identical, as were the birth weights of their infants.
A high incidence of LBW babies has been reported in mothers with low pre-pregnant BMI and/or 24-h post partum BMI in several studies 7,176 -178 found the odds ratio for LBW among Indian mothers to be three times more in severe CED (chronically energy deficient) groups compared to normal BMI groups; mean birth weights showing definite differences between BMI classes -2.5 kg in the grade III CED and 2.8 kg in the normal BMI group. Abraham and Laros 181 found maternal BMI to have a significant independent effect on birth weight. Birth weights have been consistently found to be lower with low BMI (, 18.5) regardless of the weight gain of the mother during pregnancy 176, 182 . Allen et al. 177 showed an increase in the gradient in mean birth weight associated with increasing prepregnant BMI even within the normal range of maternal BMI.
Lactation, maternal post-partum BMI and child growth Lactation requires much more energy than pregnancy, with 1 month's lactation being equivalent to the full cost of pregnancy. The major determinant of the extra energy needed during lactation is the energy cost and production of an average daily milk volume of 750-850 ml at an estimated 80-90% rate of efficiency. This translates into a maternal need for an additional 2.1 -2.3 MJ (500 -550 kcal)/d 61, 183 . For these requirements to be met, women will either have to increase their food intake or mobilise maternal energy reserves, particularly those laid down during pregnancy or conserve energy through the operation of adaptive mechanisms.
The up to date evidence indicates that milk energy output will be maintained within the expected range in undernourished lactating mothers although studies conducted in the Gambia and Bangladesh show that negative energy balance imposed on low body energy reserves could impair lactation performance 184, 185 . The critical point of negative energy balance coupled with a certain low energy reserve at which milk output might be affected is currently not known. The volume of milk ingested during the first 6 months post-partum from lactating marginally undernourished (mean BMI ¼ 19.0) poorincome Indian women ranged between 623 and 776 ml 186 . The milk outputs recorded in this study were higher than those earlier reported 187, 188 . In a recent study conducted on low-income well-nourished mothers in urban Honduras, the average breast milk volume ranged from 797 g day 21 at 4 months to 745 g d 21 at 6 months 189 . There is also limited evidence of substantial weight loss during lactation in developing country women. In a study carried out in rural India, Prema et al. 190 reported that maternal weight loss during 18-24 months of lactation averaged only 2 kg in spite of energy intakes of only 4.6 MJ (1100 kcal)/d. It has also been reported that Bangladeshi women maintain body weight through 30 months of lactation 191 . Recent studies also show very modest weight losses during lactation 185, 192 . However, Gambian women during the rainy 'hungry' season lost 0.74 kg per month. The observed fat-mass losses over the first 6 months of lactation in many well-nourished populations are often substantially smaller 171,192 -194 than the supposed 2-4 kg fat mobilisation, suggesting that significant weight losses are not obligatory during lactation.
Studies involving longitudinal measurements of BMR during lactation from both developed and developing countries show mixed results 171,193 -195 , and there is still no clear consensus on whether RMR remains unchanged, is lowered or elevated during lactation 183 . A recent review of all the available data by the IDECG committee revealed that in Western countries women tend to decrease total physical activity during lactation, especially with respect to moderate and discretionary activity whereas in developing countries reductions in activities during lactation are not apparent 183 .
The post-partum BMI of women has also been linked with growth in their infants and young children. A study in Indonesia reported an upward gradient in infant weight and weight gain in the first 6 months with increasing postpartum BMI of women in low as well as normal birth weight categories 178 . The mean weight-for-height of , 5-year-old children was significantly different in groups of mothers with varying BMI in a study in Brazzaville; mothers with low BMI having a higher proportion of children with lower mean Z-scores 196 . Low mean BMIs in Indian adults in a rural household were linked with wasting and stunting of their infants and young children 180 . Others have also shown a link between BMI of mothers and the degree of wasting in their children 177, 178, 197 .
Summary
It appears that in a marginally undernourished woman living under the constraints of a limited food supply and hard physical labour, except in extreme cases where there is a reduction in fecundity, major reductions in basal metabolism and behavioural changes in the form of diminished physical activity could meet most of the extra energy needed for pregnancy and allow the delivery of a viable infant. Women in many developing countries achieve a successful outcome to pregnancy in spite of being chronically undernourished. Birth weights of infants appear to be similar in both taller-heavier and shorterlighter women if their BMIs are identical. Maternal BMI is a better indicator of risk for LBW infants than maternal body weight or height alone. The evidence to date indicates that milk energy output will be maintained within the expected range in undernourished lactating mothers. The critical point of negative energy balance coupled with a certain low energy reserve at which milk output might be affected is currently not known. The link between the post-partum BMIs of mothers and the growth of their infants and children strongly suggest an intergenerational effect, low BMI mothers tending to have LBW babies and poorly growing infants. Improving the nutritional status of girls of this generation would certainly result in better-nourished children in the next generation.
Energy deficiency in infants and children
The effect of food deficiency in the growing infant or child in essence, is a decrease in growth rate. While energy deficits occur in association with other nutrient deficiencies such as protein, iron or zinc, it is probably a combined deficiency that limits growth 198 . It is thought that the term 'energy-nutrient' malnutrition should replace the earlier 'protein-energy' malnutrition in describing the aetiology of this condition 199 . The effects of this energynutrient deficiency range beyond growth retardation, to produce a 'syndrome of development impairment', which includes growth failure, delayed motor, cognitive and behavioural development, diminished immunocompetence and increased morbidity and mortality 200 . Food intake deficits also interact with the environmental presence of morbidity and infection to reduce growth. In the following section, no attempt has been made to use the specific terms applied to energy deficiency in adults; an acute energy (and nutrient) deficiency is equated with wasting, or a low weight for height, while a more chronic deficiency is equated with stunting, or a low height for age, and both these terms (wasting and stunting) imply a pathological process that has led to the weight loss or lack of height achievement, outside of terms such as thinness. While other anthropometric indices such as the BMI-for-age, or height-for-age (representing thinness or stunting, respectively) have been suggested to evaluate the nutritional status of adolescents, this report 201 states that 'Although BMI has not been fully validated as an indicator of thinness or undernutrition is adolescents, it provides a single index of body mass, applicable to both extremes (of the BMI distribution)'. While it is being evaluated as an indicator of adult obesity 202 , adult cardiovascular mortality 203 , prevalence of undernutrition (although in this study the adult criteria for CED were used in adolescents 204 , and even in the maintenance of the BMI status of an individual through later childhood and adolescence 205 , it was felt that the use of the BMI indicator for demarcating CED or undernutrition did not offer any advantage for the purpose of this review.
Effects on anthropometry and metabolism
The degree of deficiency can range from mild, with diminished growth rate and a decreased activity, to severe, with additional effects of body wasting, along with clinical and biochemical signs as shown in Table 2 206 . The decrease in growth rate results in a lower body size along with changes in body composition. In general, with severe undernutrition, fat and muscle tend to be lost the most 29, 34 , followed by thoracic and abdominal organs, while the brain tends to be preserved ( Table 1 ). The TBW increases 207 , particularly in those children with oedema, and is mainly due to an increase in the extracellular water 208 . The assessment of undernutrition, particularly of the mild or less severe type, is best performed by anthropometric indicators such as height for age, weight for age, and weight for height, although these indicators may be sensitive to a number of factors other than energy or protein deficits. These anthropometric indicators can be used as 'Z-scores' (the deviation of the observed value from the reference mean in standard deviation units of the reference population) or as the percentile value referring to the distribution of an indicator in the reference population. Usually, cut-off values for these indicators are either 22 SD below the reference mean or the third percentile of the reference population, below which there is sharp increase in the risk of death 209 . The effect of energy deficiency on energy expenditure in infants and children is difficult to assess, because the measurement of the resting metabolic rate in children with undernutrition is difficult, since several of the conditions required for the measurement may be violated due to practical reasons. In addition, the presence or absence of oedema makes the adjustment for body weight or FFM difficult. The metabolic rate (adjusted for weight or active tissue mass) in malnourished children has therefore been shown to be decreased 210 -212 , increased 213 , similar 214 when compared to controls. The methodology for these measurements varies and since these are made on children, several adjustments to the otherwise strict BMR protocol, such as measuring metabolic rate about an hour after a feed, or with sedatives, or during sleep, are made. The metabolic rate measurement during recovery from malnutrition is increased 212, 213 and this is one of the important reasons why elevated metabolic rates in infant and childhood malnutrition are seen. Overall, it is difficult to assess the metabolic rate in children in terms of the paradigm for adults, due to a lack of information on chronic (or milder) undernutrition, as well as the technical problems referred to above. The TEE measured by the doubly labelled water technique (DLW) in malnourished children aged 1-36 months, was lower than the FAO/WHO/UNU 61 energy requirement, and the body weight was the primary determinant of the TEE 215 . Therefore, any reduction of TEE should primarily be a function of the reduction in body weight. However, more recently, an analysis of TEE measurements (by DLW) in infants from different regions shows that firstly, they are similar and secondly, that these measurements were generally lower than the FAO/WHO/ UNU recommendations 61, 216, 217 . The question of whether energy expenditure (in terms of BMR or TEE) reduces with energy deficiency, as an attempt to come into equilibrium with the reduced energy intake, remains unanswered in general. In well-nourished children at least, it appears that energy intake rather than energy expenditure is the important determinant of weight variability at 1 year of age 218 . In older undernourished children (boys and girls) between the ages of 6-16, the TEE estimated by time and motion studies was lower 219 , although when the TEE of stunted or marginally malnourished children is expressed per unit body weight, it has been found to be higher than that of well-nourished children 216 . This could be due to an effect of body composition, in which case the PAL of these malnourished children should be similar to their wellnourished counterparts. In general this appears to be the case, except in boys and girls aged about 6-7 years, where the PAL was also lower than in well-nourished individuals 216 . Alternatively, Torun et al. 216 have suggested that in children who come from rural developing country backgrounds, the PAL could in fact be higher. On the other hand, studies on 1-3 year old undernourished children in Africa showed that they spent more time sitting and standing than walking and running, as compared to Western children 220 . It seems likely that the PAL of children is dependent on the geographical and social circumstances from which they come. Another factor is the age of these children, when they become contributors to household work or income, such that the time allocation of their activities is weighted toward more energetic or productive activities.
Effects on behaviour and other outcomes
The effects of energy or energy-protein deficits are not restricted to physiological and morphological changes, but extend to include behavioural (individual and interactive, or social) changes. These changes are subtler than the gross clinical picture of malnutrition seen in more severe types of food deficiency, but no less important when one considers the optimum development of the child's capabilities, and the development of human capital. While anthropometric and metabolic parameters are indicators of the nutritional status, it is important to remember that nutrition by itself is not the sole determinant of growth; similarly, a putative causality between nutrition and behaviour is to be viewed in the context of effects of variables that cluster in low-income environments.
It is also likely that long-term milder malnutrition (leading to stunting) is more highly related to the child's mental development than short-term severe deficiency, which results in wasting 199 . Several techniques are used in assessing the effect of malnutrition on development and behaviour and these include developmental scales, tests of general intelligence, measures of single dimensions of behaviour, as well as behavioural observations in natural settings, free play activities and school performance 221, 222 . These have been reviewed in detail 223 , and it is clear that in many of these tests, undernourished children performed less well than normally nourished children (where nutritional status was measured by an anthropometric parameter), suggesting that overall, the undernourished child is at risk of a less than optimal development of their capabilities. There are concerns about the cross-cultural application of psychometric scales nonetheless; this important but subtle effect underscores the need for ensuring adequate nutrition and extending the concern for undernutrition beyond more easily measurable anthropometric and clinical indicators. Thus, cross sectional studies in several countries have found significant associations between height for age and IQ, cognitive function, psychomotor development and school achievement, even after adjusting for socio-economic conditions 199 . Stunted young children also showed significantly more apathy, less enthusiasm and variety in exploring activities, and in general were less happy and tended to fuss 224 . In later childhood such as preschool, cognitive development is affected by malnutrition, and benefited by supplementation in terms of broad measures of cognitive development 225 . The important question is whether supplementation of food, and more particularly energy, is of benefit in reversing these developmental deficits, in the short and long-term. Using a developmental model that assessed the impact of internal variables such as physical growth, motor development, motor activity and emotional regulation, as well as caregiver behaviour and exploration (variables that involved the subject and the environment) on cognitive outcomes in undernourished Indonesian children aged below 2 years, Pollitt and others 226 showed that early energy supplementation of about 1 MJ day 21 along with micronutrients, resulted in clear beneficial effects on most of these variables. Cognitive performance in these children improved with the energy supplementation after 6 months of supplementation, while motor activity improved within 2 months, when compared to controls or children supplemented with mainly protein. There were also improvements in interest and motivation for play activities leading on to better verbal interaction, particularly in girls who were energy supplemented with about 1 MJ day
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. In another study on stunted Jamaican children between 9 and 24 months of age, energy and protein supplementation (3.15 MJ or 750 kcal and 20 g protein per day) along with psychosocial stimulation provided to the children for a relatively long period of 2 years, showed that children who received both treatments benefited the most, although there were independent beneficial effects of each treatment 228 . While it was not clear which nutrient specifically caused the beneficial effect, it is clear that undernutrition operates to slow growth and development by the nutrient deficiency interacting with a variety of environmental factors.
The effect of supplementing children early, may, in addition to immediate effects, have long-term effects, as was suggested by a study in Guatemala, where adolescents who were given energy and protein supplements as young children, performed better on psycho-educational testing and reaction time responses than adolescents who were given energy supplements alone 229 . Significantly, there was an interaction with socioeconomic status, and the benefits were greatest among children from the poorest homes.
Summary
The prevalence of childhood malnutrition is still high in developing countries, and is probably due to mixed dietary deficiencies. Malnutrition leads to recognisable anthropometric and clinical characteristics, particularly in the more severe cases. There is also a reduction in immune function, which can interact with environmental factors particularly in poor environments, to further reduce growth due to food deficiency. Milder energy-nutrient deficiency leads to stunting, and is associated with several functional and behavioural consequences. Motor development is delayed and effects on cognitive development can result in a lower IQ with the consequences of deficient learning and lower school achievement. All these impact on the development of human capability. Importantly, these deficits are amenable to supplementation, in association with a better environment, and thus suggest that improving child nutrition is an important priority for long-term development. While suggesting adequate requirements and implementing policies for better child nutrition should in the long term result in better development, it should also be remembered that developing countries will eventually face a greater heterogeneity in nutrition related problems in terms of excess nutrition and chronic disease. Therefore, programmes aimed at meeting the energy and nutrient needs of undernourished populations should also ensure healthy diets and adequate physical activity patterns to prevent chronic disease in these populations.
Suggested recommendations for further research
. Studies on PALs and TEE in chronically undernourished populations; to include a wide range of individuals as for instance, rural agricultural workers, urban slum dwellers, and manual labourers of both genders. . Energy costs of culturally specific physical activities need to be determined. . Measurements of productivity and work output in chronic undernutrition in real life situations. . Measurement of metabolic and functional consequences of pregnancy and lactation in low BMI mothers and the impact of supplementation in these women. . The delineation of the relative contributions of intrauterine nutritional deficits and nutritional deficits during infancy on subsequent physiology and behaviour. . Assessment of the response of supplementation in chronically undernourished adults, metabolic and physiological, with a view to understanding the development of chronic disease. . Studies to better demonstrate the interaction between malnutrition and behaviour, as well as specifically delineate interactions among geographically and culturally appropriate external variables and nutrition. . Behavioural studies in undernourished children, particularly at later stages, such as school going children of both genders, including the impact of supplementation. . Investigations into the metabolic and functional consequences of adolescent and elderly chronically energy deficient subjects.
